A genetic locus for a cytolethal distending toxin (CDT) was identified in a polymorphic region of the chromosome of Actinobacillus actinomycetemcomitans, a predominant oral pathogen. The locus was comprised of three open reading frames (ORFs) that had significant amino acid sequence similarity and more than 90% sequence identity to the cdtABC genes of some pathogenic Escherichia coli strains and Haemophilus ducreyi, respectively. Sonic extracts from recombinant E. coli, containing the A. actinomycetemcomitans ORFs, caused the distension and killing of Chinese hamster ovary cells characteristic of a CDT. Monoclonal antibodies made reactive with the CdtA, CdtB, and CdtC proteins of H. ducreyi recognized the corresponding gene products from the recombinant strain. CDT-like activities were no longer expressed by the recombinant strain when an ⍀Kan-2 interposon was inserted into the cdtA and cdtB genes. Expression of the CDT-like activities in A. actinomycetemcomitans was strain specific. Naturally occurring expression-negative strains had large deletions within the region of the cdt locus. The cdtABC genes were flanked by an ORF (virulence plasmid protein), a partial ORF (integrase), and DNA sequences (bacteriophage integration site) characteristic of virulenceassociated regions. These results provide evidence for a functional CDT in a human oral pathogen.
The facultative gram-negative bacterium Actinobacillus actinomycetemcomitans has been the subject of intensive study, because it is considered a predominant pathogen in human periodontal disease (50, 51, 57) . Some of the hallmarks of the virulence potential of this species are the abilities of select strains to invade gingival tissues (33) and to express a leukotoxin (5) .
Previous studies used restriction fragment length polymorphism (RFLP) analysis to demonstrate that a specific genetic variant (RFLP group II) prevailed in young children who converted from a healthy to a localized juvenile periodontitis (LJP) status (16) . RFLP typing was performed with a randomly cloned 4.7-kb fragment of chromosomal DNA from A. actinomycetemcomitans Y4 (14) . This hybridization probe recognized 13 distinct RFLP patterns among bacterial isolates from members of 21 families with LJP (15) . To determine if the genetic heterogeneity characteristic of this chromosomal region was marked by promiscuous genetic elements, such as insertion sequences (21) , transposons, bacteriophages (42, 53) , or recombined plasmid DNA (35) , the RFLP fragment was sequenced. A consequence of the sequencing experiments was the identification of a locus that encoded a novel cytolethal distending toxin (CDT).
A CDT has been identified in some pathogenic strains of Escherichia coli (24, 26) , some Shigella species (25) , various Campylobacter species (27) , Haemophilus ducreyi (13) , and an E. coli F-like virulence plasmid (pVir) (38) . The toxin was named for its ability to alter the morphology of cultured eukaryotic cells. Chinese hamster ovary (CHO) cells, HeLa cells, and Vero cells slowly become distended within 48 to 72 h after exposure to the toxin and eventually die. The toxin locus has been cloned and sequenced from the E. coli chromosome (40, 45) , pVir from E. coli 1404 (38) , Campylobacter jejuni (41) , and H. ducreyi (13) and, in all cases, is comprised of an apparent operon of three genes (cdtABC). The functions of the individual cdt genes have not been clearly established, but it appears that all three genes are required for the expression of distension and cytotoxicity.
In this study, we present the complete nucleotide sequence of the RFLP hybridization probe and 2.6 kb of downstream sequence used to group clinical isolates of A. actinomycetemcomitans. We show that the RFLP probe sequence contains homologs of the three cdt genes and provide evidence that CDT-like activities are expressed by this oral pathogen. The putative cdt locus was found adjacent to sequences that are characteristic of virulence-associated regions.
(Parts of this study were presented at the 76th General Session of the International Association for Dental Research, 24 to 27 June 1998 [32a] ).
in Ham's F-12 medium supplemented with 5% fetal calf serum. The cells were trypsinized and suspended in the same medium containing 1% fetal calf serum at a concentration of 2 ϫ 10 4 cells/ml. A volume of the adjusted cell suspension (150 l) was added to each well of 96-well plates.
A. actinomycetemcomitans strains or transformants were grown as described above, washed two times with phosphate-buffered saline (PBS), suspended in Ham's medium or PBS, and sonicated for 1 min at 4°C (Braun, Norwalk, Conn.). The sonicated bacteria were centrifuged at 12,000 ϫ g for 10 min (Spinco model SS-34 rotor) to remove unbroken cells and sterilized by passage through a 0.22-m-pore-size filter (Millipore Corp.). Total protein concentrations were determined with the Micro BCA protein assay kit (Pierce). Serial dilutions of each extract were made with sterile Ham's medium, and 30 l of each dilution was added, in triplicate, to the freshly plated cells. Sterile medium or PBS (30 l) was added to those wells that did not receive bacterial extract. Assay plates were incubated for up to 4 days at 37°C in an atmosphere containing 5% CO 2 . Following the incubation period, the cells were fixed with 10% formaldehyde for 5 min and stained with crystal violet.
A quantitative assay for TD 50 determinations was performed with CHO cells treated as described above, except that 3.0 ml of cell suspension was added so that each well of 6-well tissue culture plates received 300 cells. Immediately after the cells were added to the wells, 200 l of sterile PBS or filter-sterilized sonic extract was added. The plates were incubated for 6 days to allow colonies to appear. Following incubation, the medium was poured off, the cells were fixed and stained in the plates, and the colonies were counted. All samples were run in triplicate. The data were expressed as the percentages of CHO cells surviving after treatment with sonic extract. The average number of CFU in wells lacking sonic extract was taken as representing 100% survival.
DNA techniques and nucleotide sequencing. Restriction endonuclease digestions were carried out according to the manufacturers' instructions. Plasmid DNA isolation, ligations, and transformations were performed as described previously (14) .
To facilitate DNA sequencing, the inserted DNA fragment from E. coli DH1(pAA2097) was removed by digestion with EcoRI and ligated to the unique EcoRI site in pCR-Script SK(ϩ) (Stratagene) ( Table 1) . Plasmid DNA was extracted from the resulting transformant, E. coli DH5␣(pCRAA-14), with a QIAprep spin kit (Qiagen). Universal primers homologous to the T3 and T7 promoter sites in the pCR-Script vector were used to begin the sequencing of each strand. New sequencing primers were then made as sequence was obtained by walking along both strands. Automated cycle sequencing reactions were conducted by the Genetics Core Facility at the University of Pennsylvania with an Applied Biosystems, Inc., model 373A sequencer with the Stretch upgrade. Sequencing data were compiled and analyzed with the LaserGene suite of programs (DNASTAR, Inc.). The Lipman-Pearson algorithm was used for amino acid sequence alignments (2) . The DNA and protein sequence data banks were searched for homologous sequences with the BLAST algorithms (18) , accessed through the National Center for Biotechnology Information (34a).
To extend the DNA sequence beyond the RFLP probe region, chromosomal DNA from strain Y4 was digested with HindIII. The resulting DNA fragments were sized on a 0.7% agarose gel and fragments in the range of 2 to 6 kb were excised. These fragments were ligated to the unique HindIII site in pCR-Script, and the ligation mixture was transformed into competent E. coli JM109. The transformants were transferred to nylon membranes, denatured, and hybridized with a probe, walk1-PCR, homologous to the HindIII (v)-EcoRI (ii) region of pCRAA-14 ( Table 2 and Fig. 1 ). The primers walk1-PCR1 and walk1-PCR2 and template DNA from pCRAA-14 were used in the PCR. The reaction was performed at 94°C (1 min), 52°C (1 min), and 72°C (1 min) for 35 cycles. The PCR product was labeled with digoxigenin (Boehringer Mannheim) for DNA hybridization. Pre-and posthybridizations were performed at 68°C, and positive colonies were detected with the DIG luminescent detection kit (Boehringer Mannheim). Plasmid DNA was extracted from one of the hybridization-positive transformants [E. coli JM109(pAA4C-75)] (Table 1) , and the inserted DNA fragment was confirmed by restriction endonuclease mapping. The inserted DNA fragment was obtained by digestion with EcoRI and HindIII and used for DNA sequencing reactions. A primer homologous to the 3Ј end of the RFLP probe region sequence was used to begin the sequencing reactions. The remainder of the sequence was obtained by walking along the DNA template.
To confirm cdt open reading frame (ORF) deletions in RFLP group variants, the primer pairs (i) cdt(A)-PCR1 and cdt(A)-PCR2 and (ii) cdt(C)-PCR1 and cdt(C)-PCR2 (Table 2 ) and template DNA from strain Y4 were used to make DNA probes. The first set of primers amplified a sequence within the cdtA ORF that hybridized to RFLP HindIII fragments C and D (Fig. 1) . The second set of primers amplified a sequence within the cdtC ORF and recognized HindIII fragment E. PCR was performed at 95°C (1 min), 55°C (1 min), and 72°C (1 min) for 35 cycles. These probes were hybridized to HindIII-digested DNA, from representative members (see above) of each of the RFLP groups, on a Southern blot as described above.
Cloning cdtABC genes. To segregate the putative cdt ORFs from the others in the RFLP hybridization probe sequence, pCRAA-14 DNA was digested with SmaI and EcoRI. A 2.6-kb DNA fragment, containing the cdtABC ORFs and upstream noncoding region, was ligated to the unique SmaI and EcoRI sites in pBluescript II SK(ϩ) (Stratagene), and the resulting construct was transformed into E. coli. Transformants were selected on LB plates containing isopropyl-␤-D-thiogalactopyranoside (IPTG) (400 g), 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) (400 g), and 100 g of ampicillin per ml. The final construct was designated E. coli DH5␣(pCDT1) ( Table 1) .
Mutagenesis methods. To create CDT knockout mutations, an ⍀Kan-2 element that codes for kanamycin resistance (aphA-3) and contains transcriptional and translational stops in all three reading frames (39) was isolated from p100.2 by digestion with SmaI and inserted, in separate reactions, into the unique NheI, MluNI, and PinAI sites present at positions 273, 487, and 534 in the cdtA, cdtB, and cdtC sequences, respectively, of pCDT1. The NheI-and PinAI-digested plasmid DNAs were blunt ended by filling in the 5Ј overhang ends with deoxynucleoside triphosphates and the Klenow fragment (44) . The resulting plasmids were used to transform E. coli DH5␣. Transformants were selected on LB agar medium containing 30 g of kanamycin per ml. The insertions were confirmed by restriction endonuclease analysis with plasmid DNA that was digested with HindIII from the transformants, and the ⍀Kan-2 element DNA was used as the hybridization probe. Immunoblotting. Whole cell lysates of recombinant E. coli strains were prepared as described previously (52) , and proteins in these lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with a 12.5% separating gel. After transfer to nitrocellulose, these blots were incubated with the undiluted culture supernatant from hybridomas secreting monoclonal antibodies made reactive with the CdtA, CdtB, and CdtC proteins of H. ducreyi (52a). Affinity-purified and radioiodinated goat anti-mouse immunoglobulin was used to detect mouse monoclonal antibodies. Sonic extracts (approximately 100 g of protein/slot) from each of the RFLP group variants (see Fig. 3 ) were applied to nitrocellulose membranes in a slot blot apparatus and treated as the Western blots had been.
Statistical analysis. Student's t test, with a two-sample equal variance parameter, was used to assess the significance of the CDT-like activities of the genetic variants relative to those with no toxin added.
Nucleotide sequence accession number. These sequence data were deposited in the DDBJ, EMBL, and GenBank databases as accession no. AF006830.
RESULTS
Identification of a cdt locus in A. actinomycetemcomitans. The cloned RFLP probe fragment, obtained from E. coli DH5␣ (pCRAA-14) (Table 1) , yielded 5,322 bp of nucleotide sequence. This means that the probe fragment was slightly larger than the previously estimated size of 4.7 kb (14) . The DNA sequence contained seven significant contiguous ORFs on the same DNA strand ( Fig. 1 and Table 3 ).
The deduced amino acid sequences of three of the ORFs found in the RFLP probe region were 21 to 48% similar to those of the cdtABC genes responsible for the expression of a cytotoxic protein(s) from certain strains of E. coli (38, 40, 45) , a variety of C. jejuni strains (41) , and Shigella dysenteriae (37) ( Table 4 ). In addition, the A. actinomycetemcomitans deduced amino acid sequences were 91, 96, and 94% identical, respectively, to the corresponding homologs from H. ducreyi (13) .
Characterization of the A. actinomycetemcomitans cdt gene region. Each of the three ORFs had an apparent ribosomal binding site (AGGAG) 5 to 7 bases from the putative start codon. The proteins encoded by the three ORFs had calculated molecular masses of 24,557, 31,497, and 20,710 Da, respectively. The predicted sizes were consistent with those of the Cdt proteins from the other bacterial species. Each of the proteins had a basic amino terminus followed by a hydrophobic region indicative of a leader sequence. The first ORF contained the consensus sequence (LXACX) for the signal peptidase II cleavage site found in lipoproteins (56) . Based on the characteristics of these ORFs, they were named cdtA, cdtB, and cdtC (Fig. 1) .
Four ORFs were present immediately upstream from the cdtABC genes in the RFLP probe region ( Fig. 1 and Table 3 ). The ORFs designated cafA, glrA, and ORF1 had deduced amino acid sequence similarity to hypothetical or characterized proteins from Haemophilus influenzae or E. coli (Tables 3 and  4) . However, these matches had no obvious significance relative to the virulence potential of A. actinomycetemcomitans.
The deduced amino acid sequence of the ORF designated vppA was 27 to 41% similar to sequences of a class of proteins (Vap-Vag) termed virulence plasmids or virulence-associated proteins ( Table 4 ). The sequence similarities extended throughout the entire lengths of these proteins, which ranged in mass from 8.5 to 11.5 kDa. The deduced amino acid sequence of vppA was also similar to that of a putative protein in the traD-to-traI region of the F plasmid of E. coli (24) .
An additional 2.6 kb of nucleotide sequence downstream from the 3Ј end of the existing 5.4-kb RFLP probe sequence was obtained by walking along the chromosome. One 194-bp region within the additional sequence had 80% identity to a DNA sequence from an unpublished H. influenzae integrating plasmid (GenBank accession no. U68467). A region further downstream had sequences of 76 and 61 bp that were 100 and 98% identical to two regions in the attachment site (attP and attB) for the lysogenic insertion of H. influenzae bacteriophages HP1 (58) and S2 (49) (Fig. 2) . The 76-and 61-bp sequences resided in the H. influenzae Rd001 tRNA-Lys and tRNA-Leu genes, respectively (20) . The two regions of homology were separated by 47 bp in the A. actinomycetemcomitans sequence. This 47-bp sequence corresponded to the 45-bp intergenic region between the H. influenzae tRNA-Lys and tRNA-Leu genes. However, there was no homology between these A. actinomycetemcomitans and H. influenzae sequences. Two ORFs (ORF2 and ORF3) were found on the antisense strand downstream from the cdt ORFs ( Fig. 1 and Table 3 ). The deduced amino acid sequence of ORF2 was 46.2% similar to that of a portion of orfC present on a Borrelia burgdorferi circular plasmid (54) . The deduced amino acid sequence of the partial ORF3 (3Ј end) was 20 to 27% similar to those of numerous bacterial and bacteriophage integrase proteins. Although sequence homology was limited, the three catalytic basic amino acid residues (Arg, His, and Arg) and active-site tyrosine, conserved in members of the Eubacteria integrase family (22) , were present in the A. actinomycetemcomitans sequence.
ORFs related to the cdt genes, heterologous plasmids, and integrases and sequences similar to bacteriophage integration sites could be indicative of a previous recombinational event. Except for the cdtB ORF (41% GϩC), the percentages of GϩC contents of the A. actinomycetemcomitans ORFs (31.7 to 39.7%) were more similar to those of H. influenzae (39.0%) and H. ducreyi (38.0%) than to that of the parent species (42.7%) (31) . The percentages of GϩC content of the putative bacteriophage integration site sequences (51.0%) was closest to those of E. coli (48.0 to 52.0%) and Salmonella species (49.0 to 53.0%) genomes.
Expression of CDT-like activity by A. actinomycetemcomitans. To determine if the cdtABC genes expressed an active CDT-like toxin, dilutions of sonic extracts from A. actinomycetemcomitans Y4 (RFLP group I) and representative members of each of the remaining 13 previously characterized RFLP groups (15) were examined for the ability to cause the distension and killing of CHO cells (Fig. 3) . Genetic variants representing RFLP groups I (Y4), II (UP6), V (UP65), and X (UP70 and UP71) were highly cytotoxic for CHO cells (P Ͻ 0.01). Extracts from variants from RFLP group XIII (UP54) had relatively low levels of CDT-like activity (P ϭ 0.05). Alternatively, extracts from variants from RFLP groups III (UP19), IV (UP64), VI (UP32), VII (UP34), VIII (UP67), IX (UP68), XI (UP42), XII (UP44), and XIV (UP57) appeared to lack killing activity (P Ͼ 0.05). The extract from the group XIV variant did not affect CHO cells when up to 56 g of protein was used. The CDT-like activities in sonic extracts from members of the same RFLP group were comparable (see RFLP groups V and X in Fig. 3 ). Genetic variants that appeared to have deletions in the cdt locus, based on the results of RFLP analysis (15) and Southern blots with PCR-generated probes for the specific cdt ORFs (Fig. 3) , did not express CDT-like activity. These variants were considered to be naturally occurring expression-negative mutants. There was no evidence of deletions in the cdt locus of RFLP group III, IV, VII, and VIII variants. However, these genetic variants did not express statistically significant levels of CDT-like activity.
Cellular distension was routinely observed within 2 to 3 days following the exposure of CHO cells to A. actinomycetemcomitans Y4 protein extracts (Fig. 4B) . In contrast, protein extracts from the RFLP group XIV expression-negative variant did not have an effect on the morphology of CHO cells (Fig. 4D) . Distension was observed only with the sonic extracts from those genetic variants that resulted in a loss of cell viability (data not shown).
The A. actinomycetemcomitans cdt gene locus codes for the CDT-like activities. To establish that the cdt ORFs from A. actinomycetemcomitans were responsible for the observed distension and cytotoxic activities, CHO cells were treated with sonic extracts from E. coli transformants containing the entire RFLP probe region or only the cdtABC ORFs. Sonic extracts from E. coli DH5␣(pCRAA-14) and E. coli DH5␣(pCDT1) (Fig. 5A) caused the distension and killing (Fig. 5C ) of CHO cells. The cytotoxicity exhibited by E. coli DH5␣(pCDT1) was dose dependent (Fig. 5D) . A TD 50 was obtained with approximately 400 ng of sonic extract protein from this recombinant clone. Extracts from the isogenic insertion mutants E. coli DH5␣(pCDT1A::⍀Kan-2) and E. coli DH5␣(pCDT1B:: ⍀Kan-2) had no affect on the morphology (Fig. 5B) or viability (Fig. 5C ) of CHO cells. However, the sonic extract from E. coli DH5␣(pCDT1C::⍀Kan-2) was cytotoxic. The interposon insertion site was only 24 nucleotides from the 3Ј end of the gene. Sonic extracts from E. coli DH5␣[pCR-Script SK(ϩ)] and E. coli DH5␣[pBluescriptII SK(ϩ)] were negative for distension and cytotoxicity.
Expression of A. actinomycetemcomitans cdt gene products. Sonic extracts from strain Y4, E. coli DH5␣(pCDT1), and the insertion mutants were examined on Western blots with monoclonal antibodies made reactive with the CdtA, CdtB, and CdtC proteins of H. ducreyi. Distinct products, having the same apparent molecular weights as the H. ducreyi Cdt proteins, were observed, with the Cdt antibodies only in the extract from the recombinant strain E. coli DH5␣(pCDT1) (Fig. 6) . No reaction was obtained with equivalent extracts from E. coli DH5␣(pBluescript II SK). Sonic extracts from each of the RFLP group variants used in Fig. 3 were examined on slot blots with the Cdt antibodies. A reactive product was observed only with the sonic extract from the recombinant E. coli DH5␣ (pCDT1) control. Only the CdtC antibody inhibited the distension and cytotoxic activities in the CHO cell assays.
DISCUSSION
A genetic locus for the synthesis of a novel cytotoxin that causes the distension and death of eukaryotic cells was discovered in A. actinomycetemcomitans during the sequencing of a RFLP hybridization probe routinely used for the identification of genetic variants associated with LJP. The three ORFs that comprised this locus had significant amino acid sequence similarity to the deduced amino acid sequences of the CDT genes (cdtABC) of E. coli (38, 40, 45) and C. jejuni (41) . The finding that the deduced amino acid sequences of these ORFs from A. actinomycetemcomitans were more than 90% identical to those of the cdtABC genes from H. ducreyi (13) provided more convincing evidence that a genetic locus for a CDT was present in the periodontal pathogen. each RFLP group variant was added at zero time. The attached cells were stained and counted after 6 days of growth. CFU were expressed as percentages of surviving cells relative to CFU of untreated CHO cell controls. Deletions in the cdt locus were identified by RFLP analyses with the 4.7-kb hybridization probe (15) and Southern blotting with cdtAB and cdtC DNA probes made by PCR (see Materials and Methods). The letters under the solid lines correspond to the RFLP HindIII DNA fragments defined in Fig. 1 . Only the region of the cdt locus is shown. The numbers under the solid lines represent the sizes, in base pairs, of these DNA fragments as identified in each genetic variant. RFLP group III and IV variants differ in relation to the size of HindIII DNA fragment B (data not shown). Two genetic variants from RFLP groups V and X were examined. Values marked with an asterisk were statistically significant (P Յ 0.05).
Six additional ORFs were found in the region of the cdt locus. Comparisons of the deduced amino acid sequences to those of proteins in the public databases showed that this region of the A. actinomycetemcomitans genome contained sequences characteristic of virulence-associated regions (vap and vag) found in the genomes or on plasmids of other pathogenic bacterial species (12, 17, 29, 30, 32, 43) . The significance of the sequence match to a hypothetical ORF from the F factor of E. coli is less clear. This ORF is located on the antisense strand in the intergenic region (traD to traI) of the F plasmid (10, 23) . The presence of a piece of the F plasmid in an oral pathogen may be an indication of the extent of horizontal gene transfer among bacterial species. The recent discovery of homologous cdt genes in an F-like virulence plasmid (pVir) from E. coli (38) appears to provide genetic evidence for the spread of the CDT.
The implied relationship between the cdt genes and virulence-associated regions in A. actinomycetemcomitans is strengthened by the finding that sequences immediately downstream from the cdt locus were identical to a portion of the bacteriophage lysogenic integration site of the H. influenzae bacteriophage HP1 (20, 58) . HP1 is a temperate bacteriophage that inserts itself into a defined site in the H. influenzae Rd chromosome by a site-specific recombination event. The bacteriophage has a 500-bp attachment site (attP) that contains a 182-bp sequence that duplicates the host attachment site (attB) and part of the host operon of tRNA genes (19, 20) . The 76-and 61-bp portions of the A. actinomycetemcomitans sequence that match the attachment site also match the corresponding sequence within the H. influenzae tRNA-Lys and tRNA-Leu genes, respectively. However, there was no evidence that the cdt locus resides in an A. actinomycetemcomitans tRNA gene A putative integrase ORF was located immediately downstream from the lysogenic integration site sequence (att). The partial deduced amino acid sequence from this ORF matched a multitude of integrase sequences from bacteria and bacteriophages. However, the extent of the similarity was not strikingly great, suggesting that the ORF may have originated from an A. actinomycetemcomitans bacteriophage or plasmid rather than from a Haemophilus source. Regardless of the source of ORF3, the presence of the highly conserved catalytic amino acids and active-site tyrosine is good evidence that this ORF codes for an integrase (22) .
There have been reports confirming the existence of temperate bacteriophages (53) and integrated plasmid sequences (35) in A. actinomycetemcomitans. It has been shown that fragments of the large A. actinomycetemcomitans plasmid pVT745 (35) are present in the chromosome of strain Y4 (15) . However, plasmid DNA from pVT745 did not hybridize to the 8-kb region sequenced in this study.
The genetic organization of the virulence-associated region in Dichelobacter nodosus provides a model for the organization of the cdt region in A. actinomycetemcomitans (12) . Characteristic features of the virulence-associated region are duplicate att sequences which flank the region, an integrase sequence, and the presence of duplicated vap genes. All of these features have not yet been identified in the A. actinomycetemcomitans cdt region. However, there are a number of striking similarities. Both the D. nodosus and A. actinomycetemcomitans regions have an integrase ORF adjacent to an att site. However, the putative integrase ORF in A. actinomycetemcomitans is only a partial sequence at the present time. There is at least one vap gene that is homologous between the two species and has homology to the same F plasmid sequence. In each case, there are vap gene sequence homologies to cyanobacteria species (Synechococcus and Synechocystis). Finally, both regions contain heterologous plasmid DNA sequences. It is possible that the DNA sequence obtained to date from A. actinomycetemcomitans may represent only one end of an extensive virulence-associated region or pathogenicity island. The insertion of large fragments of foreign DNA, containing genes that are functionally related to virulence factors, into tRNA genes is a hallmark of pathogenicity islands (7, 8) . However, there is no direct evidence at the present time that this is the case in A. actinomycetemcomitans. Additional DNA sequence both upstream and downstream of the cdt locus will be required to make a full determination.
In total, there were six sites within the 8 kb of sequenced A. actinomycetemcomitans DNA that appeared to be related to Haemophilus sequences. These included the partial cafA ORF, vppA, cdtABC, ORF3, and the two short stretches of sequence downstream from the putative cdt locus that were similar to plasmid and bacteriophage integration elements. The deduced amino acid sequence of ORF2 appeared to be related to that of an ORF on a circular B. burgdorferi plasmid (54) , but the significance of this similarity is not clear.
It may not be coincidental that the cdt locus was discovered as a result of targeting heterogeneous regions of the A. actinomycetemcomitans chromosome by RFLP analysis. Chromosomal sequences of heterologous DNA sequences that arise by the acquisition of pathogenicity islands, lysogenic insertion, and conjugative or transpositional events can be unstable (8) . It is also possible that the putative integrase gene may be functional in A. actinomycetemcomitans. The related integrase from H. influenzae bacteriophage HP1 functions in both integration and excision (22) . Therefore, it makes sense that this region would denote genetic polymorphism due to the inherent instability of the heterologous DNA.
Our observations further dispel an earlier supposition that the CDT was specifically associated with enteric bacteria that cause diarrheal disease (1, 3, 9, 36) . The first indication that this hypothesis may not be valid was the discovery of a cdt locus in H. ducreyi, a bacterium that causes genital ulcers (13) . Our findings further demonstrated that the CDT is more widespread among prokaryotes than previously thought.
Experiments employing sonic extracts from representative members of the RFLP groups of A. actinomycetemcomitans showed that the expression of the CDT-like activities was strain dependent. These results were expected, since earlier studies had shown that members of some RFLP groups had apparent deletions in the region encompassing the cdt ORFs (15) . Naturally occurring expression-negative mutants can be found with reasonable frequencies in human subjects. Members of some RFLP groups appeared to contain a complete cdt locus but lacked CDT-like activity. One explanation is that these variants contain point mutations in one or more of the cdt ORFs.
Sonic extracts prepared from a recombinant clone, E. coli DH5␣(pCDT1), containing only the three A. actinomycetemcomitans cdt ORFs and the noncoding upstream region between vppA and cdtA, also caused the classical distension and cytotoxicity of CHO cells. As expected, Cdt monoclonal antibodies made reactive with the H. ducreyi proteins recognized recombinant products on Western blots. This was not surprising due to the high identity between the CdtA, CdtB, and CdtC proteins from these two species.
Two of the insertional inactivation mutants, E. coli DH5␣ (pCDT1A::⍀Kan-2) and E. coli DH5␣(pCDT1B::⍀Kan-2), did not express the CDT-like activities, providing proof that the A. actinomycetemcomitans cdt ORFs were biologically functional and confirming that they coded for the CDT-like activities. The interposon insertion in the cdtC ORF was very close to the 3Ј end of the gene. Since this mutant expressed CDT-like activity it appears that the last eight amino acids are not required to obtain an active gene product. However, this change appears to have altered recognition by the CdtC antibody.
Other investigators have reported heat-labile cytostatic and cytolytic activities in extracts from A. actinomycetemcomitans (28, 46, 47) . Since the description of the genetic and physical properties of these factors was limited, it is difficult to make detailed comparisons. However, it was reported that the immunosuppressive factor was purified to apparent homogeneity as a 60-kDa protein (48) . This protein is significantly larger than any of the three cdt gene products. It was also reported that a microscopic examination of cultures treated with the factor that inhibits fibroblast proliferation did not reveal the presence of detached or nonadherent cells or demonstrate evidence of cytopathic effects (46) . It was concluded that the immunosuppressive factor and fibroblast inhibitory factor were distinct biologically active mediators. Based on the published data it appears that the activities of some of these other factors may not be attributable to the expression of the cdt genes.
During the completion of this paper a similar study of the A. actinomycetemcomitans CDT was published by Sugai et al. (55) .
